Abstract: Artificial basins are used to recharge groundwater and protect water pumping fields. In these basins, infiltration rates are monitored to detect any decrease in water infiltration in relation with clogging. However, miss-estimations of infiltration rate may result from neglecting the effects of water temperature change and air-entrapment. This study aims to investigate the effect of temperature and air entrapment on water infiltration at the basin scale by conducting successive infiltration cycles in an experimental basin of 11869 m 2 in a pumping field at Crepieux-Charmy (Lyon, France). A first experiment, conducted in summer 2011, showed a strong increase in infiltration rate; which was linked to a potential increase in ground water temperature or a potential dissolution of air entrapped at the beginning of the infiltration. A second experiment was conducted in summer, to inject cold water instead of warm water, and also revealed an increase in infiltration rate. This increase was linked to air dissolution in the soil. A final experiment was conducted in spring with no temperature contrast and no entrapped air (soil initially water-saturated), revealing a constant infiltration rate. Modeling and analysis of experiments revealed that air entrapment and cold water temperature in the soil could substantially reduce infiltration rate over the first infiltration cycles, with respective effects of similar magnitude. Clearly, both water temperature change and air entrapment must be considered for an accurate assessment of the infiltration rate in basins.
INTRODUCTION
Assessing and predicting spatial and temporal fluctuations in aquifer levels and different water fluxes due to recharging are of prime importance for managing water resources (Rai and Singh, 1985) . Artificial recharge systems are now commonly used to increase or maintain aquifer water levels (Al-Muttair and Al-Turbak, 1991) . Infiltration basins are commonly used to recharge groundwater by infiltrating surface water from rivers or lakes. Additionally, these techniques can help to manage the quality of water supply. For instance, in the region of Lyon (France), a set of infiltration basins were designed to infiltrate surface water in order to maintain a hydraulic mound between the Rhone river arms and the water supply pumping sites. The purpose of this water table mound was to protect the well field from potential nearby river pollution (Fig. 1) .
The operation of infiltration basin may be disturbed by several factors like clogging, air entrapment or time evolution of temperature of water at the surface and in the soil profile. Clogging was one of the first factors to be evidenced and studied (Bouwer, 2002) . The effect of clogging on water infiltration may be dramatic and endanger the operation of infiltration basins (Gette-Bouvarot et al., 2014; Greskowiak et al., 2005; Kildsgaard and Engesgaard, 2001; Okubo and Matsumoto, 1979; Schuh, 1990 Schuh, , 1988 Tu et al., 2011) . To prevent clogging, practitioners usually embed a top layer of sand in infiltration basins and replace it from time to time when the sand gets clogged (Bouwer, 1999) . Ongoing research also focuses on the development of ecology engineering for reducing clogging and maintaining infiltration capacity of the systems (Gette-Bouvarot et al., 2014). Water infiltration in an aquifer recharge basin affected by temperature and air entrapment Water temperature can impact water properties and mostly viscosity, which, in turns impacts soil saturated hydraulic conductivity (Jaynes, 1990) and unsaturated hydraulic conductivity (Constantz, 1982) . The effect can be even much more complex than expected since the change in water properties may impact flow pathways at the pore scale and thus modify the effective hydraulic conductivity in a different way than expected when considering only the viscosity-temperature relationship (Constantz, 1982; Constantz et al., 1994) . This effect of temperature was clearly established on the field. Vandenbohede and Van Houtte (2012) observed that colder temperatures during winter could result in a decrease of infiltration capacity in surface ponds, by a factor of 1.5 to 2 in comparison with summer periods. Jaynes (1990) noticed in field experiments that water infiltration could vary throughout the day due to changes in surface water temperature. But under some circumstances, the effect of temperature was insufficient to explain time evolution of water infiltration, and air entrapment was identified as a potential additional contributor (Heilweil et al., 2009; Lin et al., 2003) .
Entrapped air causes hydraulic conductivity to decrease as a result of reduction in pore space available for water flow (Seymour, 2000) . During infiltration, water may block air into the largest pores and isolate air bubbles from the atmosphere (Dohnal et al., 2013; Sněhota et al., 2010) . Flow pathways are then excluded from the pores occupied by air bubbles until they have totally dissolved into the interstitial water (Wangemann et al., 2000) . Afterwards, the pores become unblocked, and the hydraulic conductivity recovers. Under certain circumstances, the dimensions of air bubbles may be quite important, rendering the process of air dissolution very long and the recovery of hydraulic conductivity quite impossible. For instance, Michot et al. (2003) evidenced the formation of long-term pockets of air within plant root systems with dimensions in the order of dozens of centimeters, in cropped soils submitted to irrigation. In any case, entrapped air in soils is one of the key factors controlling the hydraulic behavior under conditions of ponded infiltration, in perched waters, and in unconfined aquifers (Faybishenko, 1995) .
This study aims at investigating experimentally the effects of temperature and air entrapment on water infiltration at the scale of infiltration basins, the effects of clogging having already been investigated (Gette-Bouvarot et al., 2014) . Water infiltration experiments were performed in one of the infiltration basins of the water supply pumping site of Crépieux-Charmy that provides Lyon with drinking water. Each water infiltration experiment was composed of several cycles of filling / emptying phases to maintain the water level between thresholds. Three infiltration experiments were performed successively at different periods of the year and with different initial conditions: (1) summer 2011 characterized by the injection of warm surface water in a basin initially dry, (2) winter 2011-2012 with the injection of cold surface water in a basin initially dry, and (3) spring 2012 with the injection of temperate surface water in a basin initially wet. It is expected that the basin response will drastically depend on the contrast in temperature between surface water and groundwater, on the one hand, and on the potential for air entrapment induced by very dry initial states, on the other hand. The level of water in the basin and the temperatures of surface water and groundwater (using a nearby piezometer) were monitored and analyzed to identify infiltration processes in these contrasting situations. Observed water levels were modeled using Richard's equation to derive soil effective saturated hydraulic conductivity, considering this parameter as constant or variable during the infiltration. Time evolution of the derived soil effective hydraulic conductivity was linked to what it should have been with the sole effect of temperature (temperature-viscosity correction) to distinguish the contributions of air entrapment and change in water temperature in the soil profile.
MATERIALS AND METHODS Site description
In Lyon agglomeration (France), drinking water comes from a main well field located in a highly productive unconfined alluvial aquifer: Crépieux-Charmy (Lyon suburb, France). The aquifer is about 20 m thick, and composed of sand lenses and gravel layers. The substratum is well delimited by a low permeable sandy-clay layer dating from the Miocene age. More than one hundred pumping wells cover 375 ha over two islands formed by the Rhône river arms. As in most alluvial systems, groundwater quality is strongly related to water exchanges between river and water table. In order to protect fresh water supply wells from river pollution, 12 infiltration basins have been constructed to create an aquifer mound acting as a hydraulic barrier (Fig. 2) . The water table mound is created to reverse incoming river flows. In addition to being a protecting barrier, the basins allow the recharge of groundwater, maintaining the water table at a sufficient level for a proper functioning of pumping wells.
The infiltration basin design dates from the early 1990's, and resulted in a 3 m deep excavation in the alluvial deposit. Infiltration basins have more than 1 ha area and are located close to pumping wells. The bottom of each basin was covered with a layer (between 20 and 30 cm thick) of calibrated sand to filter mineral and biotic particles and prevent soil from clogging. This sand can be tilled or even replaced when necessary, i.e. in case of significant clogging. Basin operations are controlled by the regulation of water level within maximum and minimum thresholds. The maximum water level in the pond is usually set at 1.80 m and the minimum can be as low as zero (no water at surface). Supplied water is pumped upstream from the VieuxRhône River, where water quality is continuously monitored with regards to chemical and physical properties. The supplied water has no prior treatment or filtration. In case of high turbidity, water pumping from Vieux-Rhône River and basin recharge are instantaneously interrupted to avoid clogging. The studied basin, referred to as 3.1, is located between the well field and the rivers (Fig. 1 ). This basin is rectangular, 83 m wide and 143 m long for a total surface area (Sb) of 11869 m 2 . The calibrated sand layer was cleaned during the summer 2010, i.e. about one year before the first infiltration experiment.
Soil profile description
Basin 3.1 has been embanked in upper alluvium layers with hydraulic characteristics that contrast with the layers underneath. Three trenches each 1.5 m in depth (G1, G2, G3), were realized in the basin using a mechanic shovel to study the local lithological properties of the soil below. One trench was located in the middle of the basin and the two others 50 m close to the basin edges to get information on the spatial variability of lithology. For each trench, a lithological description of the soil profile was conducted on the basis of particle size analysis and visual observations. On this basis, three main soil layers were distinguished ( Fig. 3a) :
(i) layer A; a calibrated homogeneous sand, set up to a depth of 20 cm to ensure water filtering, (ii) layer B; a heterogeneous sandy gravel (or silty gravel), between 20 to 95 cm in depth, with a matrix mainly composed of fine sand and silt, and (iii) layer C; located at a depth of below 95 cm, made of a mixture of gravel and gravelly sand. This last layer constitutes the body of the whole aquifer between layer B and the substratum. The particle size distribution curves are depicted for all trenches and for all layers in Fig. 3b . The curves show no variability between the three profiles (G1, G2, G3) and are relatively narrow with a uniformity coefficient (UC) between 2 and 4. Particle size distribution of layer B is characterized by a higher spatial variability (Fig. 3b) . In addition, its thickness varies from 0.4 m to 1 m over the basin area, but an averaged thickness of 1 m was considered in this study. Layer C seems more homogenous, but we can notice an increase in gravel size up to a depth of 1 m.
INFILTRATION TESTS: EXPERIMENTS AND MODELING Infiltration experiments
For all experiments, the water level was measured continuously in the basin. The supplied water flow rate is monitored with a flow meter. During the phase of filling, basin water level increases up to the maximum level allowed and then water supply is stopped. Then water level progressively decreases as the result of water infiltration (basin emptying). When the minimum threshold (1.80 m) is reached, the water supply is reactivated. Basin water level fluctuates between the maximum and minimum thresholds designed for the specific case of infiltration experiments. Supplied water and aquifer temperatures are continuously measured with thermal loggers in the basin and in a piezometer located nearby. The maximum aquifer level is also measured to check that it remains 2 m below the basin surface (prerequisite to ensure that the vadose zone under the basin is at least 2 m thick). If this condition is not fulfilled, the water supply is stopped.
As explained in the introduction, the infiltration experiments were designed to test three distinct scenarios: (1) infiltration in summer of warm water into the dry soil, (2) infiltration in winter of cold water into the dry soil and finally (3), infiltration of lukewarm water into the wet soil. Dry conditions were ensured by avoiding any water injection for long enough to let water redistribute into the soil profile and water content decrease to values less than field capacity. The first infiltration experiment was conducted in summer 2011. The basin was kept empty for one month before the first injection of water to ensure initial low water contents in the soil. Then, the basin was fed with surface water at a temperature of 24°C against 12°C for groundwater. Six filling/emptying cycles were applied over 12 days with a constant supply flow rate of 1800 m 3 /h. The second series of filling/emptying cycles was conducted during winter 2011-2012. As for the first experiment, the basin was kept empty for one month before the experiments. The basin was then fed with four cycles of filling/emptying over eight days with constant supply flow rates of 1800 m 3 /h. The surface water temperature was around 11°C against 15°C for groundwater. The last infiltration experiment was carried out in spring 2012, and the basin was maintained filled throughout several days before the experiment to ensure an initial state close to water saturation. The recharge operation included 20 cycles over eight days with an imposed average filling flow rate of 2600 m 3 /h. The average temperature was 15°C for surface water against 12°C for groundwater. For the estimation of initial water contents, layers A and B were sampled for the two first experiments. For the last experiment, the soil was considered quasi-saturated, and its initial volumetric water content was equaled to its bulk porosity. For all infiltration experiments and each filling/emptying cycle, infiltration rates (IR) were determined by dividing the decrease in water level by the duration of the emptying phase.
Modeling: flow equations and soil hydraulic properties
Unsaturated and saturated water flow was simulated by solving 2D Richards' equation (Richards, 1931) : (1) where, θ(h) is the volumetric water retention curve, K(θ) is the tensor of hydraulic conductivity [m/s] considered here as isotropic and depending on water pressure head h [m], x, y, and z are space coordinates [m] and t is time [s] . Water retention curve is described by van Genuchten (1980) relationship along with Mualem (1976) , also considered as a scale parameter for water pressure head, and m and n, two shape parameters linked by Mualem's restriction: m = 1-1/n. In such conditions, hydraulic conductivity curve is defined through the Mualem's capillary model (Mualem, 1976) , leading to (Šimůnek et al., 2003) : (4) where K s is the saturated hydraulic conductivity [m/s] and τ = 0.5 is a constant tortuosity parameter (Mualem, 1976) .
The hydraulic parameters of all elementary soil material were determined through specific in-situ water infiltration experiments. For the layer A, single ring infiltration tests (0.13 m in diameter) were performed at zero pressure head according to the so-called "Beerkan method" (Braud et al., 1995) . Beerkan infiltration data were interpreted using the "BEST" algorithm (Lassabatere et al., 2006) , which derives the entire set of hydraulic parameters through fitting infiltration data on the analytical infiltration model proposed by Haverkamp et al. (1994) . This model has been recently validated on generated numerical data (Lassabatere et al., 2009 ) and field data including coarse materials (Di Prima et al., 2016; Lassabatere et al., 2010; Nasta et al., 2012; Yilmaz et al., 2013 Yilmaz et al., , 2010 . The mean saturated hydraulic conductivity was 3.5.10 -5 m/s. This value was considered valid for all the scenarios since no significant clogging of sand (i.e. layer A) was observed. With regards to the basin infiltration characteristic time, layer A was supposed to get saturated instantaneously, so in the model layer A could be considered as the upper Cauchy-type boundary condition of the flow domain with a constant hydraulic transfer resistance, K T , defined as: (5) where K sA is the saturated hydraulic conductivity of layer A and e stands for its thickness.
In the model, Layer B was 1 m deep. A first estimation of layer B hydrodynamic properties has been performed using a single ring infiltrometer (1 m in diameter) (results not presented here, (Loizeau, 2013) ). The large dimension of the ring was chosen given the large diameter of certain soil particles. The cumulative infiltration was then inverted numerically to derive first estimates of hydraulic properties of layer B and, in particular, of its saturated hydraulic conductivity. Afterwards, the value of saturated hydraulic conductivity was optimized by fitting water levels for the two first cycles of infiltration experiments. A numerical sensitivity analysis of infiltration showed that layer B saturated hydraulic conductivity was the most sensitive parameter, ensuring the good reliability of its estimates. Its residual water content was fixed at zero, and its saturated water content was derived from its bulk porosity, as estimated from field samples.
For layer C, 13.5 m thick, its saturated hydraulic conductivity was assigned to average hydraulic conductivity previously obtained with pumping tests. Values ranged between 8.10 -3 m/s and 5.10 -2 m/s (Loizeau, 2013) . The effective porosity is related to the drainage volumetric water content corresponding to (θ s -θ r ). Pore space available for drainage is then 15% in layer C, estimated by a specific flood wave depreciation experiment (results not presented here, (Loizeau, 2013) ). The estimated hydraulic parameters range in order of magnitude as those of previous values proposed by other studies for sedimentary deposits Stephens et al., 1998) . The parameters α and n for layers B and C were fixed in agreement with literature data. All hydraulic parameters are listed in Table 1 .
Flow domain, initial and boundary conditions
River channels and piezometers allow for precise information on water levels and then were used as a source of information for model boundary conditions. The numerical model for 2D modeling was defined as the cross-section view XY going through Miribel channel (Y) to active pumping wells (X), for which water levels are available. It includes basin 3.1 and its surroundings as depicted in Fig. 2 , and includes the entire three layers. The distance from the basin center to the wells location is 141.5 m, and to the river is 557.1 m (Fig. 4) . The basin is 3 m in depth. The finite element model option available in COMSOL ® 4.3 code was used to simulate both unsaturated/saturated transient flow conditions in the flow domain. The spatial mesh was refined within the surroundings of the basin and wells location. Typically, mesh element dimensions ranged between 0.2 m and 1.5 m for most elements, except in the refined zone, where they were 4 cm in width and 40 cm in length.
The lower boundary was chosen as a null flux condition in relation to the aquifer substratum (Fig. 4) . For the right and left boundaries, located at the wells (X) and the channel (Y), we neglected time variation of water table during the experiments. Thus, these boundaries are assigned with the value of pressure head measured at each river location. We considered the values of 165.15 m (NGF) and 162.3 m (NGF), respectively for the channel (Y) and the wells (X). For the upper boundary layer, we neglected precipitation and evapotranspiration in comparison with the larger infiltrated volumes. This boundary was zero flux except for the infiltration surface. Basin vertical embankments are considered as impermeable and are therefore assigned a zero flux condition. For the infiltration surface, boundary condition is fixed on the basis of the mass balance between the flux entering the basin, derived from the measure of supplied water flow rate Q (in) [m 3 /s], and infiltration rate. Indeed, at each time-step, the numerical resolution of Richards' equation provides the Darcy velocity for each element of the infiltration surface. Surface integration of the local Darcy velocity provides total infiltration flow rate, Q (out) [m 3 /s]. The latter is divided by the infiltration surface, Sb, in order to calculate the flux to be imposed at the boundary: q boundary = Q (out) / Sb. Then, the time Table 1 . Hydraulic parameters, with layer thickness, e, residual and saturated water contents, θ r and θ s , respectively, variation of water content Δθ, scale parameter for water pressure head, α, shape parameter n, and saturated hydraulic conductivity, K s . 
where Vw is the total water volume [m 3 ]. The water level in the basin corresponds to the volume V w divided by the surface of the infiltration basin, Sb, and can be compared with measured water levels.
Finally, the initial conditions are: the basin is empty (i.e. V w = 0 at t = 0) and null water supply (i.e. Q (in) = 0). Initial water table is calculated with the head boundary condition and equilibrium water pressure head is then derived for the whole domain.
Time evolution of K s for layer B during infiltration experiments.
As a first approach, air entrapment and temperature changes were supposed to occur mainly in layer B and all effects were lumped into one single parameter, namely the saturated hydraulic conductivity of layer B. This parameter was the single parameter to be optimized by fitting numerically modeled data to observed water levels. The other hydraulic parameters for layers A, B and C were fixed as listed in Table 1 .
Two options were considered regarding the value of the saturated hydraulic conductivity of layer B, K sB . For the first scenario, K sB was kept constant and fixed at its value previously estimated from infiltrometer experiments (see above) and detailed in Table 1 . For the second scenario, K sB was considered to evolve with time as the result of temperature and airentrapment effects. It was even assumed to evolve linearly with infiltration rate at the surface. Cycle-averaged values of K sB (i) were then fixed from the cycle-averaged values of infiltration rates IR(i) as follows:
where K sB0 is the initial saturated hydraulic conductivity also considered for the first filling/emptying cycle; f(i) is a dimensionless relationship depending on IR(i) and IR 0 the initial infiltration rate calculated for the first emptying phase.
The time-evolution of K sB was then compared to what it should have been with the sole effect of temperature. The ratio of saturated hydraulic conductivity K sB (i)/K sB0 was compared to the ratio of hydraulic conductivity explained only by the variation in temperature and its consequences on water bulk density and dynamic viscosity. Indeed, the saturated hydraulic conductivity inversely changes with fluid dynamic viscosity following the relationship (Muskat, 1937 [m/s] . The initial and final temperatures of water within the soil profiles were then fixed at the values of groundwater and surface water, as a first approach. The related hydraulic conductivity was then estimated for the final and initial states, considering that groundwater is a good estimate for water temperature in the profile at time zero and that all the water stored in the soil profile has been completely replaced by surface temperature with its own temperature at the end of infiltration experiments. Heat transfer into soils is much more complex, and these latter two hypotheses are over-simplifying. However, heat transfer and its coupling with flow will be investigated in subsequent papers and will not be investigated in any more detail in this study.
RESULTS AND DISCUSSION Water infiltration and time evolution of IR due to temperature change and air entrapment
The experimental results are depicted in Fig. 5 for water levels and Fig. 6 for water temperatures at the surface and in the groundwater. The first experiment conducted in summer 2011 included 6 cycles over 12 days 2011 after a dry period of one month to ensure a dry initial state (volumetric water content measured at 0.03 m 3 m -3 ). The temperature of surface water was roughly constant around 24°C (with variations ranging between 22°C and 26°C) versus 12°C for groundwater before water infiltration (Fig. 6a, time zero) . From day 3 to day 7, the water temperature increased gradually from 12°C to 22°C in the piezometer M03, revealing that water has warmed up along the whole soil profile and around the infiltration basin within ~5 days (time of the arrival of warm water at the piezometer). In the basin, the water level oscillates between the two thresholds imposed for this experiment, 2.17 m and 1.17 m. For the three first cycles, the water level reaches the highest threshold 2.17 m (Fig. 5, cycles 1, 2 and 3) . Conversely, during cycles 4, 5 and 6, the same threshold was never attained due to too high infiltration rates. Since the upper threshold could not be attained, it was decided to stop the filling as soon as the water level stabilized. The measured IR varied from 1.95 m/d to a maximum value of 3.48 m/d in three cycles, i.e. 6 days, with stabilization of IR afterwards (Fig. 5b) . Such increase corresponded to 78% of the initial value, which is in the same order of that observed by Lin et al. (2003) . This could be explained indistinctly from temperature increase of water in the soil profile and subsequent increase in effective hydraulic conductivity or dissolution of air entrapped at the beginning of water injection. Given these results, the second experiment was planned to inject cold water. If viscosity was the sole factor, the injection of cold water should result in a concomitant decrease in hydraulic conductivity and infiltration rate. The second infiltration experiment was then planned in winter 2011-2012. As for the first infiltration experiment, the basin was kept draining without any entering water (except rainfalls) for one month before the experiments, leading to an initial water content of 0.10 m 3 m -3 . The basin was then fed with surface water for four filling/emptying cycles for 8 days. The temperature of surface water remains quite constant around 11°C with a small decrease at the end of the experiments. Groundwater temperature also remains constant around 15°C with also a tiny decrease after ~5d (Fig. 6b) . In contrast to the previous experiment (Fig. 6a) , the change in temperature in the piezometer is not drastic and there is no alignment of groundwater temperature and the temperature of injected surface water (see Fig. 6b versus Fig. 6a ). It seems that the change in temperature in the profile is smoother than for the first experiment. This could result from the lower contrast in temperature with only 4°C of difference in winter 2011-2012 instead of 12°C in summer 2011. The imposed maximum and minimum water levels were fixed at 2.17 m and 1.17 m, respectively, allowing 1 m of water level variation for emptying steps. In contrast to the first infiltration experiment, water infiltration did not prevent water level reaching the maximum, leading to complete oscillations between 2.17 m and 1.17 m (Fig. 5d) . The infiltration rate (IR) increased from 0.75 m/d to 1.07 m/d (Fig. 5d) . IR increased mainly before the third cycle and stabilized after 5 days. Such an increase corresponded to 43% of the initial value. This increase is inconsistent with the hypothesis of the effect of the change in temperature. Indeed, the injection of cold water should have cooled down the temperature in the profile and thus decrease hydraulic conductivity. The observed increase was then attributed to the dissolution of air entrapped at the beginning of the injection. Entrapped air could have slowed down water infiltration during 5 days, before dissolving, leading to the recovery of the infiltration rate. This experiment proves that even without the help of temperature increase (like in summer 2012), a significant increase of IR could be observed as the result of dissolution of air entrapped at the beginning of infiltration cycles.
The last infiltration was designed to confirm the influence of entrapped air by proceeding to water injection in a fully saturated soil at time zero. The experiment was then scheduled in spring 2012, after a long period of water infiltration to ensure an initial state close to saturation. Twenty cycles were carried out with maximum and minimum water levels fixed at 2.17 m and 1.87 m, respectively (Fig. 5e) . The measurement of temperature revealed that there remained a slight difference between the temperature of surface water and groundwater, with respectively 15°C and 11°C (Fig. 6c) . The time evolution of temperature in surface water shows the impact of daily warm up (oscillations with daily periodicity) and the gradual increase of both groundwater and surface water temperature, probably typical for the spring season. As for the previous experiment (Fig. 6b) and in contrast to the first experiment (Fig. 6a) , groundwater temperature does not change drastically and does not align to the temperature of injected surface water (see Fig.  6c ). The contrast in temperature of only 4°C may have been insufficient to warm up water along the soil profile and to allow warm water to reach the piezometer M030. At surface, water level oscillates between the two targeted thresholds of 1.85 m and 2.15 m. The computation of infiltration rate reveals a constant value of 2 m/d for all cycles IR. Clearly, in the absence of temperature effect or entrapped air, infiltration rate remains constant, revealing that there should not be additional factors and that they are the key factors. It becomes clear that the suppression of entrapped air at the beginning of infiltration experiments allows a perfect stability of infiltration rate.
These results show that both entrapped air and temperature effect may play a significant role in water infiltration. However, the effect of temperature was expected only for the first experiments, for which the contrast in temperature was enough to change temperature along the profile around the basin. For the other experiments, the change in temperature may have been tiny. For these, the effect of temperature change is not expected to be important. The effect of entrapped air seemed important for all experiments with the injection of water in the basin initially dry. The following section addresses the numerical modeling the separate effect temperature change and air entrapment on the value of effective hydraulic conductivity of layer B.
Time-evolution of saturated hydraulic conductivity
As explained in the material and section, all the effects were lumped into one single parameter, namely the saturated hydraulic conductivity of layer B, K sB . Modeling the infiltration was performed with two assumptions: no time variation on K sB, and time evolution on K sB (t) due to both temperature change and air entrapment. Modeled water levels in the basin are depicted for both cases and for both summers 2011 and winter 2011-2012 ( Fig. 7a and b) . Water contents below the basin are represented for the case of variable K sB and summer 2011 (Fig. 7c) .
Modeling accuracy is illustrated for the infiltration experiment performed in summer 2011 in Fig. 7a . Constant hydraulic conductivity, K sB = 8.8 10 -6 m/s, is derived from fitting the model to the observed values for the first two cycles. After 3 days of recharge, the modeled water levels in the basin are higher than observed values, and the discrepancies between observations and modeled data become significant (Fig. 7a) . Thus constant K sB does not allow any accurate fit of the observations. The same scenario was modeled considering the hydraulic conductivity K sB (i) varying with time according to Eqs. (7). The fit becomes very accurate with no discrepancies between modelled and observed data (Fig. 7a) . The optimized hydraulic conductivity gradually increased from 8.8 10 -6 m/s to 1.56 10 -5 m/s, corresponding to an increase by a factor of 1.79 (Table 2 ). The model also gives insight on processes below the basin (Fig. 7c) . In comparison to the initial state, the injection of water increases water content just below the basin and moistens the whole profile down to the water table. It is clear that the water table rises due to the injection of water (Fig. 7c Similar trends were found in the case of winter 2011-2012. None of the constant values for saturated hydraulic conductivity K sB could provide an accurate fit of the observed data, in contrast to the case of K sB as predicted by Eqs. (7) (Fig. 7b) . Eqs. (7) predicted a gradual increase in saturated hydraulic conductivity from 3.37 10 -6 m/s to 4.85 10 -5 m/s, corresponding to an increase by a factor 1.44 (Table 2) . Modeled water contents showed also the appearance of a mound with a concomitant rise of water table and creation of a bulb below the basin, as for summer 2011 (data not shown). The increases in saturated hydraulic conductivity, K sB are estimated at 1.80 and 1.44 of the initial value for summer 2001 and winter 2011-2012, respectively. Such increases can be compared to the prediction of the saturated hydraulic conductivity considering the change in temperature along the whole profile from initial temperature (equaled to groundwater temperature) to final temperature (equaled to surface temperature). Note that these assumptions on the field temperature seem more consistent for the case of summer 2011 for which warm water reached the piezometer M03 than for winter 2011-2012. For summer 2011, the increase in temperature from 12°C to 24°C should have increased the hydraulic conductivity by a factor of 1.35 instead of 1.79 (Table 2 ). For winter 2011-2012, the decrease in temperature from 15°C down to 11°C should have reduced the hydraulic conductivity by a factor of 0.897 (Table  2) , instead of the observed increase by a factor 1.44. This gap between the evolution of hydraulic conductivity and the values predicted by considering the temperature shift was attributed to the effect of air entrapment since no additional process is expected. It is assumed that this gap quantifies the effect of air entrapment. Consequently, it is assumed that air entrapment explains approximately 43% of the increase in hydraulic conductivity for the infiltration experiment of summer 2011; while the increase in temperature explains the remaining 35%. For winter 2011-2012, air-entrapment induces the augmentation of saturated hydraulic conductivity by an increase of 54% of its initial values, which compensates the decrease of 10% to temperature decrease in the soil profile.
The analysis of hydraulic conductivity versus time also gives information on the kinetics of processes (Table 2 ). For winter 2011-2012, the increase in hydraulic conductivity takes around 5 days to complete. Assuming that the dissolution of entrapped air is the main process for this increase, we can conclude that this process requires ~5days. For summer 2011, the increase in hydraulic conductivity also requires 5 days. But, both temperature increase and air-entrapment are involved for this experiment. Given the correspondence between the observed kinetics for summer 2011 and the kinetics of air dissolution in interstitial water, it is assumed that the warm up of water in the soil profile and its effects on water infiltration has similar kinetics. On the contrary, the global kinetics would have integrated two different kinetics, thus leading to a two-step increase over the whole duration of the experiment, which is inconsistent with observations (Fig. 5a) . The hypothesis of similar kinetics, i.e. of a total of 5 days required to warm up the interstitial water along the soil profile is consistent with the arrival of warm water after 5-7 days at piezometer M030 (Fig. 6a) . From these data, it is assumed that air entrapment will slow down water infiltration for ~5 days and that the effect of water temperature may appear after 5 days approximately for the case of the specifically studied site.
CONCLUSIONS
This study investigated water infiltration in an infiltration basin specifically used for groundwater recharge and for protecting the pumping well of Crépieux-Charmy (region of Lyon). Several infiltration experiments were conducted at the work scale to investigate the dependency of water infiltration on the contrast in temperature between the surface water and groundwater and on air-entrapment at the beginning of water infiltration. The experiments and modeling clearly demonstrated that both temperature-contrast and air-entrapment could significantly impact water infiltration. Water warm-up in the soil may increase the effective hydraulic conductivity of the soil and thus enhance water infiltration. In contrast, airentrapment may slow down water infiltration during the time necessary for its dissolution in the soil interstitial water; which may result in an increase in infiltration rate once air dissolution is completed. For both processes, the same period of five days is required to complete the increase in infiltration rate. Modeling allowed estimations of time evolution for effective saturated hydraulic conductivity and by this means the relative contributions of air-entrapment and temperature-contrast to the global effect. This was particularly interesting for the infiltration experiment during which both processes occurred. It was demonstrated that the effects of air-entrapment and temperaturecontrast were similar in magnitude.
The proposed modeling approach was based on the modelling of flow in unsaturated/saturated medium using Richards' equation, which assumes that flow is isotherm and which doesn't account for the dynamics of air phase (e.g. dissolution). This approach was proposed on purpose. The numerical resolution of Richards' equation is readily available for many practitioners and easy to compute for operation purposes. In addition, the consideration of non-isothermal flow, air compression and air dissolution increases model complexity and requires an important number of parameters to be estimated, which may render the approach unreliable. Similarly, the use of preferential flow model requires numerous experimentations and measures, rendering these models quite complex to use (Šimůnek et al., 2003) . For the present case, our approach was to choose a model as simple as possible and to lump together the effects of temperature-contrast and air-compression in one parameter, namely the soil saturated hydraulic conductivity.
The results and conclusions of this study give important information for the management of infiltration basins. It clearly demonstrates that air-entrapment and temperature-contrast must be considered for the evaluation of infiltration rate. Indeed, the decision to clean or replace the sandy layer embedded in infiltration basins is made on the basis of the time-evolution of infiltration rate. However, miss-estimations of infiltration rates may be obtained if the effects of air-entrapment or temperaturecontrast are not considered. A short-term decrease in infiltration rate does not necessarily indicate clogging but may result from air-entrapment or temperature effects. From these results, it may be recommended (i) to measure infiltration rates after long enough to wait for steady state and (ii) to determine soil permittivity instead of hydraulic conductivity or infiltration rate that are impacted by the viscosity-temperature dependency.
This study also provides a methodology for testing other infiltration basins. It was clearly demonstrated that the association of several infiltration experiments could help in identifying processes and the impacts of air-entrapment and temperaturecontrast on water infiltration. In particular, it may be recommended to combine the following water infiltration experiments: (i) control experiment ensuring no temperature-contrast and no air-entrapment (for instance in spring with previous injection of large amounts of water to saturate the soil), (ii) infiltration experiment with only air entrapment (in spring to avoid temperature contrasts between surface water and groundwater and following a long dry period), (iii) infiltration experiment with only temperature contrast (in summer or winter with the injection of warm or cold water into a soil initially saturated), and (iv) infiltration experiments with both effects of temperature-contrast and air-entrapment (in winter or summer after a long dry period). These experiments are easy to conduct and require only to stop basin filling during enough time for experiments of types (ii) and (iv) and to proceed to water infiltration during summer or winter for experiments of types (iii) and (iv). Besides, numerical modeling can be used to quantify the relative contribution of temperature-contrast or airentrapment, as detailed in this study.
Despite the input of this study, several aspects need to be investigated more deeply. In this study, thermal effects and air dissolution were investigated at the work scale and investigations did not account for the complexity of flow processes (e.g. preferential flow in heterogeneous soils) and their coupling with heat transfer. In fact, both water and solid phases may conduct heat meaning that heat transfer may be much more complex than considered in this study (Vogel et al., 2011; Votrubová et al., 2012) . During summer or winter seasons, the soil may exhibit an important vertical temperature gradient due to very hot or cold temperatures, respectively (Hillel, 1998) . Further investigations are thus needed to properly characterize heat transfer accounting for heat conductance by both fluid and solid phases. Similarly, air compression and consequences on flow were simplified. Twophase flow mechanisms may be more complex with disconnected water or air phases (Joekar-Niasar et al., 2013; Marinas et al., 2009) . A more detailed description of air dissolution into water along with a proper description of twophase flow accounting for the air and water connectivity may be required. In addition, flow in the vadose zone can be impacted by preferential flow (Köhne et al., 2009a (Köhne et al., , 2009b , and preferential flow was already pointed out by previous studies in similar sedimentary deposits Winiarski et al., 2013) . As for heat transfer, further investigations are needed to better understand water and air flows along with air compression/dissolution in the soil.
